This study is devoted to studying the sorption of 137 Cs on mineral sorbents at a wide pH range, from 2 to 10, as well as to studying sorption mechanisms. In order to obtain the most reliable sorption characteristics, samples of high purity were examined as sorbents: bentonite, glauconite, zeolite, and diatomite. A detailed description of their mineral composition, cation exchange capacity and specific surface of sorbents is given. XRD, XRF, FTIR, SEM, and BET adsorption methods were used for assaying. The sorption and desorption values were identified for each sorbent. As a result of the conducted research, it can be concluded that 137 Cs sorption mainly occurs through the exchange reaction on zeolite, glauconite and bentonite. The highest cesium Kd was observed on zeolite due to its high CEC and amounted to 4.05 mg/L at pH 7. The higher sorption capacity of glauconite in comparison with bentonite is primarily due to the high layer charge which is mainly localized in tetrahedral sheets, and to the existence of highly selective sorption sites (frayed edge sites) on the glauconite surface. Diatomite showed the lowest sorption capacity provided by the presence of a small quantity of smectite and kaolinite in its composition. The values of desorption increase in the following order: zeolite < bentonite~diatomite < glauconite.
Introduction
The term "natural sorbent" is valid for rocks from a wide range of mineral deposits. They differ in sorption capacity and mechanism, as well as in selectivity to pollutants [1] .
In order to study sorption mechanisms, sorbents with high contents of target components were chosen. The chosen argillaceous minerals were: enriched bentonite (10th Khutor deposit, Russia) and enriched glauconite (Karinskoye deposit, Russia). The non-argillaceous sorbents were: zeolite (Sokernitskoye deposit, Ukraine), and diatomite BiaFa (Munsingen, Germany).
The most difficult challenge in analyzing the physicochemical properties of different sorbents is the lack of reliable information on their mineral composition or a relatively high content of impurities, especially those of clay minerals, which can significantly alter the properties of the sorbents. To obtain the correct information about sorption on the selected sorbents, enriched industrial products (diatomite and zeolite) or laboratory-enriched materials (bentonite and glauconite) were selected.
The industrial diatomite sample contained, as shown below, a certain amount of clay minerals, which is typical for the majority of industrial and natural samples of diatomite. However, since the diatomite and clay particles or their aggregates have similar specific gravity and size, it was not possible to enrich this material. Thus, the "purest" natural product offered by the company BiaFa was chosen.
It was also not possible to enrich the natural zeolite samples from the deposits of the Russian Federation (Badinskoe, Shivertuyskoe, Talan-Gozagorskoe, Holinskoe deposits), the content of zeolite in the examined samples varied from 40% to 72%. Thus, in the present research, it was decided to use the material with the highest content of the desired component, this being the sample from the Sokernitskoye deposit.
The industrial sample from the Karinskoye glauconite deposit was additionally enriched using an electromagnetic separator (50 A, 30 mv) (RPPP, Moscow, USSR) to obtain a most concentrated fraction of the examined component.
The source minerals of bentonite clays are smectites (mainly montmorillonite, sometimes with admixtures of beidellite, nontronite or saponite). To obtain an enriched sample of bentonite, i.e., a material with maximum smectite content, a 0.5 µm fraction was separated by centrifuge OS-6MS (Dastan, Bishkek, Kyrgyzstan) at a speed of 1200 rpm for 10 min.
General Characterization of the Mineral Sorbents
Powder X-Ray diffraction (XRD), X-ray fluorescence (XRF), infra-red (FTIR) spectroscopy, and scanning electron microscopy (SEM) methods were used to characterize the sorbents. Evaluation of specific surface area (S BET ) and various methods for determining the cation exchange capacity (CEC) were used for the analysis of sorption capacity. X-ray diffraction patterns were obtained with an X-ray diffractometer Ultima-IV (Rigaku, Tokyo, Japan) acquired with the funding of Moscow State University Development Program (Cu-K α radiation, semiconductor 1D detector D/Tex-Ultra, scan range 3-65 • 2θ, scan speed 3 • 2θ/min and step-0.02 • 2θ). Non-textured powder specimens were prepared by sieving the sample powder into a sample holder and cutting the excess material with a razor. The mineral composition was analyzed according to the method of [10] , the quantitative composition was estimated using the Rietveld method [11] with the Profex software (Version 3.14.3, Nicola Doeblin, Solothurn, Switzerland, 2019) [12] .
Chemical analysis was performed using the X-ray fluorescence method in accordance with standard procedure using the spectrometer Axios mAX (PANalytical, Almelo, The Netherlands) at IGEM RAS (Moscow). Samples were dried at 110 • C and prepared by fusion with lithium borate at 1200 • C. The iron content was determined only as the total Fe 2 O 3 , regardless of the actual valence state of the Fe. IR absorption spectra were obtained using a Bruker FTIR spectrometer Vertex 80v (GIN RAS) (Billerica, MA, USA) equipped with a DTGS detector and a KBr beam-splitter. The spectra recordings were performed in a vacuum in the 4000-400 cm −1 wavelength range with 256 scans for each sample and a resolution of 4 cm −1 . Specimens were prepared as pressed KBr-pellets: 0.5 mg of the sample was dispersed in 200 mg of KBr; this mixture was placed in a 13 mm pellet dish and pressed in vacuum for 1 h. The KBr pellet was then placed into a glass desiccant box with CaCl 2 and heated in a furnace at 105 • C for at least 20 h. Baseline correction was made with the OPUS soft (version 7.1, Brucer, Billerica, MA, USA) in interactive mode using straight line and one iteration.
The microstructure of the sorbents was studied with a scanning electron microscope (SEM) LEO1450VP (Carl Zeiss, Oberkochen, Germany) acquired with the funding of the Moscow State University Development Program. Samples for SEM were prepared in the form of individual particles and aggregates. A sample in powder form was deposited on a double-sided electrically conductive adhesive tape. Then the excess sample particles were removed with compressed air. As a result, a monolayer of individual particles and aggregates on an adhesive tape was obtained. The studied surface was coated with a thin gold film, 5-10 nm thick, under vacuum. A conductive coating is required to avoid the electrical charging of the sample during analysis.
Evaluation of the specific surface area was carried out using a Quadrasorb SI/Kr analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Adsorption was performed at the temperature of liquid nitrogen (77.35 K). Nitrogen with a purity of 99.999% served as an adsorbate. Helium grade 6.0 (99.9999%) was used for the volume calibration of the measuring cells. The calculation was carried out by the BET multiple-point isotherm in the range of P/P0 from 0.05 to 0.30. Before measuring the surface characteristics, the samples were vacuum-pumped using the Flo-Vac Degasser installation, which is an integral part of the Quadrasorb SI/Kr analyzer and allows pumping of gases and water from the pore space in the temperature range of 15-400 • C and control of the pressure in the system (with the sample) in the range of 101.3 kPa-0.133 Pa. In our work, the pumping of the samples was carried out at 100 • C (temperature of dehydration) to a residual constant pressure in the system of 0.133 Pa. Using of a higher temperature can damage the structure of the aluminosilicates and, therefore, change the state of the pore space. The pumping time at this temperature was 4 h.
In view of the diversity of mineral sorbents, the cation exchange capacity (CEC) was determined by three methods: by the adsorption of methylene blue (MB), Mehlich's method (cation exchange in a 0.1 M solution of BaCl 2 ), and the use of an ammonium chloride solution.
Determination of the cation exchange capacity by MB sorption was carried out in accordance with international standards [13] and implicates titrating a clay suspension with MB solution to its excess in solution.
The method for determining the CEC by Mehlich [14] involves an exchange reaction with Ba 2+ in a 0.1 M solution of BaCl 2 buffered with triethanolamine to a pH of 8.2. Concentrations of the exchanged Ca, Mg, Na and K in the solution were determined with an Agilent 5110 inductively-coupled plasma optical emission spectrometer (Agilent, Santa Clara, CA, USA).
The method for determining the CEC with an ammonium chloride solution is a standard technique for working with zeolites [15] . This method is based on cation exchange by NH 4 + , followed by the determining of the content of the exchanged Ca 2+ , Mg 2+ , Na + , and K + in the solution by atomic absorption spectroscopy.
Sorption Experiments
137 Cs sorption was studied at concentration 10 −6 M. The total concentration was obtained by adding the required quantity of stable CsCl solution to the 137 Cs tracer. Aliquots of CsCl and 137 Cs were added to 1 g/L clay suspensions in a 0.01M NaClO 4 solution. A concentration of 0.01 NaClO 4 M was chosen to maintain a constant ionic strength in the solution. After adding the radionuclide, the pH was measured using a combined glass pH electrode (InLab Expert Pro, Mettler Toledo, Columbus, OH, USA) and adjusted by the addition of small amounts of diluted HClO 4 or NaOH solutions. The samples were mixed continuously using an end-over-end mixer. After 24 h (equilibrium time was taken from the paper [16] ), the equilibrium pH was measured and 1 mL of each suspension was centrifuged at 40,000× g (Allegra 64R, Beckman Coulter, Brea, CA, USA) for 15 min to remove colloidal mineral particles, and the supernatant was collected and used for radioactivity measurements. The concentration of 137 Cs was measured by liquid scintillation counting using a Quantulus-1220 (Perkin Elmer, Waltham, MA, USA) device.
The sorption value was calculated based on the difference between the radioactivity of the 137 Cs initially added to the suspension and the radioactivity remaining in the supernatant after equilibrium. The distribution coefficient (Kd), which quantifies the distribution of a dissolved element between the solution and the solid phases was calculated as follows:
where Atot is the total activity added to the system, in Bq, Asol is the equilibrium activity in the liquid phase, in Bq, S is mass of the clay, in g, and L is the total volume of the suspension, in mL. Kd is one of the common units to represent sorption results [17] [18] [19] . Experiments to determine the reversibility of sorption were conducted after three months of equilibrating the samples with a solution of Cs, then desorption was carried out. For this, the NaClO 4 solution was completely replaced with 10 ml of model natural water (NaHCO 3 -96.0 mg/L, CaSO 4 2H 2 O-60.0 mg/L, MgSO 4 -60.0 mg/L, KCl-4.0 mg/L [20] ), and the samples were placed on a shaker. At predetermined time intervals, an aliquot was taken from the samples, it was centrifuged, and the content of desorbed cesium was measured.
Results and Discussion

Mineral Sorbents Characterization
The main obstacle in the study of sorption properties of natural sorbents, in most cases, is the contamination of the clay minerals, typically with illite and smectite. Due to the high sorption capacity of these components, a significant portion of a radionuclide can be sorbed by these impurities resulting in an incorrect interpretation of the results. In order to minimize the influence of clay admixtures on the sorption of cesium on natural sorbents, samples with a high content of the target component (more than 71%) were used. Chemical and mineral compositions are shown in Tables 1 and 2, respectively. XRD analysis revealed the composition of the glauconite sample: 99.6% glauconite mineral and 0.4% quartz as an impurity. A high iron content is typical for glauconite ( Figure 1 ) and is isomorphically localized mainly in the octahedral sheet. Glauconite was identified by the series of basal (10.15 Å, 5.06 Å, 3.34 Å, 2.00 Å, etc.) and non-basal (4.54 Å, 2.59 Å, 2.41 Å, 1.51 Å, etc.) reflections. Another indirect indicator is a relatively high background level, as compared with the intensity of the main peaks, resulting from fluorescent radiation generated while analyzing the iron-rich samples using a copper anode. Quartz was identified by the relatively sharper part of the peaks at 3.34 Å and 4.27 Å, while the other peaks are less manifested due to the low content. The purified sample of bentonite from the 10-th Khutor deposits predominantly consisted of 96.8% Na-montmorillonite ( Figure 1 ). Impurities were represented by 2.4% of quartz and 0.8% of anatase. Montmorillonite was identified by a series of basal (12.62 Å, 6.24 Å, 3.13 Å and 2.07 Å) and non-basal (4.49 Å, 2.57 Å, 1.70 Å, and 1, 50 Å) reflections with an indicative broad peak profile. In turn, quartz was identified by significantly sharper peaks at 3.34 Å, 4.28 Å, and 2.28 Å. Finally, anatase was identified by reflections 3.53 Å, 1.70 Å, and 1.67 Å. The high iron content in bentonite is most likely caused by isomorphic substitution in montmorillonites' octahedral sheets and also by its presence in accessory minerals.
Zeolite from the Sokernitskoye deposit for 71.8% is composed of clinoptilolite and admixture minerals such as quartz, illite, feldspar and a small amount of smectite. Zeolite (clinoptilolite) was identified by a series of main reflections: 11.94 Å, 9.02 Å, 7.94 Å, 6.79 Å, 6.65 Å, 5.25 Å, 5.13 Å, 3.97Å, 3.91 Å, etc. Quartz was identified by the sharp main peaks at 3.34 Å and 4.27 Å and a series of less intensive peaks in the large angles part of the pattern. Feldspar was identified by reflections in the range of 3.19-3.25 Å and a series of less intensive peaks. Smectite was detected by the analysis of X-ray diffraction patterns from oriented specimens in air-dry and ethylene glycol-solvated states.
Diatomite from the "BiaFa" company consists mainly of diatom shells with opal structure which makes up 80.8%. The sample also contained admixture minerals: 9.9% smectite, 9.0% kaolinite group minerals, and 0.3% quartz. As it was revealed by the FTIR data, the sample may also contain admixtures of sepiolite/pyrophyllite, however, it was not possible to quantify them using the XRD patterns from the raw sample without additional treatment. Smectite was identified by a series of reflections with the following spacing: 15.02 Å, 4.47 Å, 2.57 Å, 2.50 Å, and 1.51 Å. Minerals of the kaolinite group were identified by a series of peaks at 7.14 Å, 4.47 Å, and others. Quartz admixture was identified by one main sharp peak at 3.36 Å. A wide and intensive "halo" in the range of 18-30 • 2 indicates a high content of amorphous opal. Presence of aluminum, iron, calcium, and magnesium in the chemical composition of the sample is mainly due to the high content of smectite and kaolinite.
The IR-spectroscopy data were consistent with the mineral composition obtained by XRD. The FTIR spectra of the heated KBr-pellets are shown in Figure 2 . The identification of minerals and absorption bands were performed in accordance with the recommendations of: Farmer [21] and Zviagina et al. [22] for glauconite; Madejova and Komadel [23, 24] for bentonite; and Smith [25] and Guatame-Garcia and Buxton [26] for diatomite.
isomorphically localized mainly in the octahedral sheet. Glauconite was identified by the series of basal (10.15 Å, 5.06 Å, 3.34 Å, 2.00 Å, etc.) and non-basal (4.54 Å, 2.59 Å, 2.41 Å, 1.51 Å, etc.) reflections. Another indirect indicator is a relatively high background level, as compared with the intensity of the main peaks, resulting from fluorescent radiation generated while analyzing the iron-rich samples using a copper anode. Quartz was identified by the relatively sharper part of the peaks at 3.34 Å and 4.27 Å, while the other peaks are less manifested due to the low content. The purified sample of bentonite from the 10-th Khutor deposits predominantly consisted of 96.8% Na-montmorillonite (Figure 1. ). Impurities were represented by 2.4% of quartz and 0.8% of anatase. Montmorillonite was identified by a series of basal (12.62 Å, 6.24 Å, 3.13 Å and 2.07 Å) and non-basal (4.49 Å, 2.57 Å, 1.70 Å, and 1, 50 Å) reflections with an indicative broad peak profile. In turn, quartz was identified by significantly sharper peaks at 3.34 Å, 4.28 Å, and 2.28 Å. Finally, The studied sample of glauconite had all the characteristic features of the FTIR spectrum: a main band of Si-O stretching vibrations at 1000 cm −1 ; and in the region of Si-O bending vibrations, there is a triplet of bands with the following positions: 495, 458 and 437 cm −1 . In the region of stretching vibrations of ОНgroups, there is a wide complex band at 3400-3700 cm −1 , which can be considered as a result of the superposition of individual absorption bands of the cation-OH-cation. There is an intense band at 3545 cm −1 (which corresponds to the superposition of the absorption bands of Fe 2+ -OH-Fe 2+ , Fe 2+ -OH-Fe 3+ , Fe 3+ -OH-Fe 3+ , Fe 2+ -OH-Mg, Fe 3+ -OH-Mg, and Al-OH-Fe 2+ ), a recognizable band at 3560 cm −1 (Al-OH-Fe 3+ , and Mg-OH-Mg), and a minor band at~3600 cm −1 (Al-OH-Mg and several Al-OH-Al bands). In addition to glauconite, trace amounts of impurities of silica (680 cm −1 ) and carbonates (1404 cm −1 and 870 cm −1 ) were noted. According to the XRD data, the diatomite sample mainly consists of opal-AN, which is evidenced by a broad peak at 20-30°2θ CuKα. The IR-spectrum of the sample also shows some characteristics of opal bands: 1102 cm −1 caused by the asymmetric stretching of the [SiO4] tetrahedron, 470 cm −1 associated with the Si-O-Si bending vibration mode; and a characteristic of diatoms: ~1240 cm −1 is due to free Si-OH molecular vibrations. In addition to opal, on the IR spectrum, the impurities of kaolinite (3697 cm −1 , 3622 cm −1 , and 915 cm −1 ) and sepiolite/pyrophyllite (the appearance of a new weak band at 3740 cm −1 after heating, which is related to free (i.e., not bonded to water molecules) surface silanol groups, Si-OH) can be identified. Additionally, the presence of the smectite revealed by the XRD method could not be confidently identified by FTIR in this case because of the overlapping of the characteristic broad OH-stretching band at 3620-3630 cm −1 with the kaolinite bands.
The studied zeolite sample contains different zeolite minerals from the clinoptilolite-heulandite series and other admixtures. Therefore, due to the overlapping of bands from various minerals, it is impossible to obtain additional data on the mineral composition from the IR spectra.
SEM images of glauconite sample show clearly visible micro-aggregates with leaf-like shapes and a well-developed layer structure ranging in size from 0.5 to 2 µm, both in the form of individual particles and forming fine-grained aggregates up to the size of 110 µm in cross-section ( Figure 3 ). The studied bentonite sample mainly consisted of Al-rich smectite. This is evidenced by the combination of the following characteristics of the IR spectrum: the most intense band of Si-O stretching is relatively symmetrical and located at 1043 cm −1 , with a doublet at 524 cm −1 (Al-O-Si deformation) and another at 467 cm −1 (Si-O-Si deformation); the absorption near 622 cm −1 corresponds to the coupled Al-O and Si-O out-of-plane vibrations, and the OH stretching and bending vibrations appear as the bands at 3634 and 918 cm −1 , respectively. Trace amounts of impurities of quartz (800 cm −1 and 780 cm −1 ) and carbonates (1450 cm −1 and 880 cm −1 ) were also noted.
According to the XRD data, the diatomite sample mainly consists of opal-A N , which is evidenced by a broad peak at 20-30 • 2θ CuK α . The IR-spectrum of the sample also shows some characteristics of opal bands: 1102 cm −1 caused by the asymmetric stretching of the [SiO 4 ] tetrahedron, 470 cm −1 associated with the Si-O-Si bending vibration mode; and a characteristic of diatoms:~1240 cm −1 is due to free Si-OH molecular vibrations. In addition to opal, on the IR spectrum, the impurities of kaolinite (3697 cm −1 , 3622 cm −1 , and 915 cm −1 ) and sepiolite/pyrophyllite (the appearance of a new weak band at 3740 cm −1 after heating, which is related to free (i.e., not bonded to water molecules) surface silanol groups, Si-OH) can be identified. Additionally, the presence of the smectite revealed by the XRD method could not be confidently identified by FTIR in this case because of the overlapping of the characteristic broad OH-stretching band at 3620-3630 cm −1 with the kaolinite bands.
SEM images of glauconite sample show clearly visible micro-aggregates with leaf-like shapes and a well-developed layer structure ranging in size from 0.5 to 2 µm, both in the form of individual particles and forming fine-grained aggregates up to the size of 110 µm in cross-section ( Figure 3 ). In the bentonite sample, montmorillonite particles are represented by thin leaf-shaped microaggregates with a diameter of 3-5 to 10-20 µm, which form a loose coarse-grained openwork microstructure. Contacts between particles occur as edge-to-edge and face-to-face configurations [27, 28] , resulting in the formation of very thin microaggregates.
SEM images of diatomite demonstrate the presence of different forms of diatom skeletons (frustules) with cylindrical particles, and also broken particles with pennate and acicular shapes with a well-developed porous structure. Cylindrical diatom skeletons are about 5-7 µm in diameter, and 8-10 µm in length. Diatom species are perforated by a differently shaped and sized network of pores: round pores (150-260 nm in diameter) and slit-shaped pores (450-860 nm in length).
Zeolite is represented by separate particles of leaf-like shape with size ranging from 0.3 to 1.5 µm and microaggregates with size ranging from 22 to 50 µm with the presence of dispersed particles of clay minerals on the surface (Figure 3 ).
Characterization of Specific Surface Area and Porosity
Data in Table 3 show that the specific surface area of all samples is quite small and mostly similar for bentonite, diatomite and glauconite. Moreover, the pore volume is two times smaller for glauconite and bentonite as compared with diatomite, which is associated with the presence of micropores (≈50% of total surface area).
The International Union of Theoretical and Applied Chemistry (IUPAC) recommended the following classification of pore sizes: macropores (>50 nm), mesopores (2-50 nm) and micropores (≤2 nm) [29] [30] [31] . The average measured pore size for all our samples was about 5 nm, which corresponds to interparticle pores, according to [32] or mesopores, according to the IUPAC. In the bentonite sample, montmorillonite particles are represented by thin leaf-shaped microaggregates with a diameter of 3-5 to 10-20 µm, which form a loose coarse-grained openwork microstructure. Contacts between particles occur as edge-to-edge and face-to-face configurations [27, 28] , resulting in the formation of very thin microaggregates.
Zeolite is represented by separate particles of leaf-like shape with size ranging from 0.3 to 1.5 µm and microaggregates with size ranging from 22 to 50 µm with the presence of dispersed particles of clay minerals on the surface (Figure 3 ). Table 3 show that the specific surface area of all samples is quite small and mostly similar for bentonite, diatomite and glauconite. Moreover, the pore volume is two times smaller for glauconite and bentonite as compared with diatomite, which is associated with the presence of micropores (≈50% of total surface area). The International Union of Theoretical and Applied Chemistry (IUPAC) recommended the following classification of pore sizes: macropores (>50 nm), mesopores (2-50 nm) and micropores (≤2 nm) [29] [30] [31] . The average measured pore size for all our samples was about 5 nm, which corresponds to interparticle pores, according to [32] or mesopores, according to the IUPAC.
Data in
Diagrams of pore size distribution are quite similar for zeolite and diatomite: the pore size ranges within 3-80 nm, the maximum number of pores is observed within the range of 3-15 nm (mesopores), while there is a small number of macropores (50-80 nm). Glauconite and bentonite differ by a pore size distribution shift towards smaller values: a range of 1.5-30 nm overall, a significant number of micropores with the size up to 2 nm and the absence of macropores.
Cation Exchange Capacity
The problem of studying sorbents that differ greatly in mineral composition and properties (layered aluminosilicates, framework silicates, and silicites) is that there is no universal method for obtaining adequate data on CEC values. For example, the problems of CEC determining in zeolite samples using methylene blue have been repeatedly discussed in the literature [33] . For this purpose, for each sorbent, the most correct and widespread method for determining the CEC was selected, which, according to the authors, has important methodological significance.
CEC values determined by various methods are presented in Table 4 . The measurement of zeolite's CEC by the method of exchange by NH 4 + showed the highest value (161 meq/100 g), which
is comparable with literature data on zeolites. The advantage of the ammonium chloride solution is its inability to form coordination complexes or sparingly soluble salts, as well as the selectivity of its adsorption by zeolite. The CEC values obtained using the method of exchange in BaCl2 solution (Mehlich's method) and MB are significantly lower: 17.6 and <3 meq/100 g, respectively. It is worth noting that the Mehlich's CEC should have given either comparable or slightly higher CEC values compared with the ammonium chloride method. Ba 2+ have a higher replacing power, and its ionic radius varies from 1.49 to 1.75 Å depending on the coordination number, which is much smaller than the size of the zeolitic channels. However, the results indicate that barium did not replace the exchangeable cations in the zeolite channels, which is probably due to the use of a 0.1 M barium solution according to [14] . Very low CEC values determined by sorption of MB can be explained by the fact that methylene blue molecules are relatively large in size, approximately 1.25-1.6 nm in length, 0.57 nm in width and 0.84 nm in height [34] . Thus, so large molecules could not penetrate into the zeolite channels with a cross-section size of about 4.4-7.2 Å [33] and were sorbed on the surface of the mineral. The obtained CEC values of glauconite using the Mehlich's method and MB adsorption are 12 and 17 meq/100 g, respectively. The obtained CEC values reveal the presence of a small number of smectitic interlayers, which are almost always present in the glauconite structure [35] . The adsorption of MB and most cations, including Cs, can occur on the surface of particles, in the interlayer space of smectite interlayers, and also on the illitic interlayer edge sites in wedge-shaped positions deficient of K + ions-the so-called frayed edge sites-FES [36] .
The CEC values of bentonite according to MB turned out to be equal to 94 meq/100 g, which is quite typical for Na-bentonite and complies with published data [36, 37] . The CEC values of diatomite determined with Mehlich's method and by adsorption of MB turned out to be quite close: 11.3 and 9.8 meq/100 g respectively. Since diatomite material consists of opal and does not have a negative charge associated with isomorphic substitutions in the mineral structure, the data obtained can be explained by the admixture of smectite and kaolinite-group minerals in the sample. Perhaps, in addition, dyes can be adsorbed on a well-developed surface of diatom frustules (SBET = 42 m 2 /g) due to electrostatic interactions. 
Cesium Sorption
137 Cs sorption on the studied sorbents is shown in Figure 4 . It is known that Cs is sorbed by the ion-exchange mechanism in a wide range of sorbents and conditions [38, 39] . The main feature of this reaction is the independence of sorption from the pH values. Therefore, the sorption onto studied materials can also be described as an ion-exchange one. A number of studies have shown that sorption of cesium on bentonite [16] , illite [40] , zeolite [7] and diatomite [9] occurs quickly during the first hours of interaction. It has also been shown that the decrease in sorption observed at pH values below 4 can be explained by the competition between Cs + ions and H + [16, 41] . The highest Kd values are obtained for samples of zeolite and glauconite (log K d 4.0 and 3.8, respectively). Additionally, the effect of acidic conditions on smectite results in the partial release of interlayer and octahedral cations into solution [41] . The sample of Bentonite was chosen with a Na-form of montmorillonite. Exposure of acidic conditions at pH < 4 should lead to a partial exchange of interlayer Na + and the leaching of octahedral Al 3+ , Mg 2+ and Fe 2,3+ [41] [42] [43] , which may further compete with Cs + . At the same time, diatomite has a sufficient content of smectite and defective kaolinite (possibly halloysite or mixed mineral of the kaolinite-smectite range), which can also supply interlayer and octahedral cations in a solution at low pH, which in turn can compete with Cs + . The potential partial destruction of the glauconite structure at low pH is much slower, which probably results in a less pronounced dependence of sorption rate on pH value. The rate of 137 Cs sorption on bentonite is slightly lower than that on glauconite, due to the lower affinity of montmorillonite sorption sites. Cs is predominantly sorbed in planar sites on the external surface and in the interlayer. The nature of these centers is similar in the case of illites and smectites [54, 55] , but the impact of FES on cesium adsorption on montmorillonite is probably less important. Literature data for this vary: 0.55 µmol/g [50] , 0.5 µmol/g [47] , 0.462 µmol/g [49] , 0.592 µmol/g [48] . Sorption values decrease as follows: zeolite ≥ glauconite > bentonite > diatomite (Table 5) . High 137 Cs sorption on zeolite is explained by a quite large content of adsorption sites with high selectivity so that H + does not compete strongly with Cs + in acidic conditions and also with the size of the channels (4.4-7.2 Å, as mentioned before). This suggests that a cesium ion with a diameter of 3.3 A can fit into the intracrystalline channels. Thus, the zeolite structure, with its numerous adsorption sites, and suitable channel size provides good conditions for cesium sorption [44, 45] . The relatively high sorption on glauconite (with a CEC of about 10 meq/100 g) laid the groundwork for a generalized cation exchange sorption model for the uptake of Cs by minerals of the illite group [40] . The model is based on the assumption of the existence of planar sorption centers (typical for most of the clay minerals) and also the existence of special FESs (frayed edge sites) formed by weathering of the clay particle's edges. It is possible to selectively replace the potassium with single-charged cations of low hydration energy and small radius-Cs + , Rb + , Li + , or NH 4 + in such damaged areas. A similar approach has been confirmed in subsequent studies [40, 46, 47] . Therefore, relatively high Cs sorption onto glauconite can be explained by high selectivity of its sorption sites towards this cation. The higher Cs sorption can also be explained by the higher charge of glauconite layer and its localization in tetrahedral sheets. Currently, there is no consensus in the literature regarding the mechanism of interaction of Cs with clay minerals. A number of authors provide evidence for the occurrence of exclusively ionic reactions [47] [48] [49] [50] [51] , some studies indicate the formation of inter-and outer-sphere conplexes of cesium with edge centers and interlayer space [39, 52, 53] . The spectral methods [52, 53] make it possible to detect complexes at high concentrations of cesium, but cannot be used at concentrations of Cs = 10 −6 M. The pH dependence observed in this work can be explained both by the formation of inner-and outer-sphere complexes, and by competition with leached cations, or it could be a consequence of both processes.
The rate of 137 Cs sorption on bentonite is slightly lower than that on glauconite, due to the lower affinity of montmorillonite sorption sites. Cs is predominantly sorbed in planar sites on the external surface and in the interlayer. The nature of these centers is similar in the case of illites and smectites [54, 55] , but the impact of FES on cesium adsorption on montmorillonite is probably less important. Literature data for this vary: 0.55 µmol/g [50] , 0.5 µmol/g [47] , 0.462 µmol/g [49] , 0.592 µmol/g [48] . Considering that in our experiments the content of glauconite was 1 g/L, the FES concentration according to published data is in the range of 5 × 10 −7 M, which is comparable with the used Cs concentration of 10 −6 M. It is worth noting that in acidic conditions glauconite shows a slight dependency of sorption on pH (Figure 4 ), probably because of the presence of smectitic interlayers which is quite usual for illites and glauconites [35] and the mechanism of this dependency is the same as described above for bentonite.
Lower values of 137 Cs sorption on diatomite are related to a principally different structure. In this case, binding may occur with silanol (≡SiOH) groups [52] . However, in this case, impurities of smectite and kaolinite in the diatomite sample make the most significant impact on cesium adsorption onto diatomite material. It also should be noted that the adsorption experiment described in the article [9] was carried out on a rock sample with a high content of clay minerals, at least 30% based on the X-ray diffraction picture presented in the work. Moreover, the reflection in the region of 10 Å was erroneously referred to as muscovite instead of mixed-layer minerals of the illite-smectite series.
Studies of the reversibility of cesium sorption showed ( Figure 5 ) that the values of desorption increase in the following series: zeolite < bentonite~diatomite < glauconite. Thus, it can be assumed that cesium is irreversibly bound in the channels of the zeolite (desorption was less than 3%). In the case of montmorillonite and montmorillonite-dominated clays, sorption is believed to be reversible [48, 56, 57] , however recent works have shown that some fixation of intrinsic Cs may be achieved by the addition of divalent cations before desorption [58, 59] .
Minerals 2019, 9, x FOR PEER REVIEW 13 of 17 [48, 57, 58] , however recent works have shown that some fixation of intrinsic Cs may be achieved by the addition of divalent cations before desorption [59, 60] . The proximity of the desorption values on the diatomite and bentonite samples can indicate the dominant role that montmorillonite plays in cesium sorption for these samples. On a glauconite sample, undesorbed cesium is apparently firmly fixed with FES, as described in [48, 61] . The binding of cesium not only to FES, but also with other types of sorption centers causes a high degree of desorption.
Conclusions
This research made it possible to reveal the principal factors affecting efficiency and mechanisms of 137 Cs sorption on natural sorbents. Together with the global parameters, such as CEC and specific surface area, the presence of argillaceous minerals and their structural features are among the most important factors. Therefore, detailed mineralogical studies were required for the interpretation of the results of sorption experiments on natural sorbents, and in the design of their real-life application.
The highest cesium sorption value was observed on zeolite, due to its high CEC (161 mg eq/100 g). Cesium sorption on zeolite occurs mainly through the ion-exchange reaction. The higher sorption value on glauconite in comparison with bentonite is primarily caused by the high layer charge which is mainly localized in tetrahedral sheets and also with the existence of highly selective sorption centers (Frayed Edge Sites) on the glauconite surface, and competition with interlayer sodium in montmorillonite, especially at low pH values. Despite the fact that the main mechanism for sorption of cesium is ion exchange, the CEC of the minerals was not the main determining factor of sorption. For example, glauconite, which has a relatively low CEC, shows one of the highest results, ahead of bentonite, which is associated with its structural features.
Cesium sorption on diatomite is mostly provided by the presence of smectite and kaolinite in the sample composition. Non-typical pH-dependent cesium sorption is caused by competition with Na + cations, and possibly octahedral Al 3+ , Mg 2+ , and Fe 2,3+ leached from the mineral structure at low pH. Since the physical adsorption of cesium on the surface of minerals plays the smallest role, there is no clear connection between the sorption value and the specific surface area, which is especially clearly seen in the case of diatomite. The proximity of the desorption values on the diatomite and bentonite samples can indicate the dominant role that montmorillonite plays in cesium sorption for these samples. On a glauconite sample, undesorbed cesium is apparently firmly fixed with FES, as described in [48, 60] . The binding of cesium not only to FES, but also with other types of sorption centers causes a high degree of desorption.
Cesium sorption on diatomite is mostly provided by the presence of smectite and kaolinite in the sample composition. Non-typical pH-dependent cesium sorption is caused by competition with Na + cations, and possibly octahedral Al 3+ , Mg 2+ , and Fe 2,3+ leached from the mineral structure at low pH.
Since the physical adsorption of cesium on the surface of minerals plays the smallest role, there is no clear connection between the sorption value and the specific surface area, which is especially clearly seen in the case of diatomite.
Desorption experiments showed a practically irreversible bond of cesium in the zeolite sample (desorption less than 3%). The binding of cesium in bentonite, diatomite and glauconite is not completely reversible and is associated with Cs interaction with various sorption centers. The obtained results will help in the consideration and choice of minerals used as promising sorbents. 
